During the history of the solventogenic clostridia fermentation industry, bacteriophages have been a recurrent problem. This study reports that HM2, a lytic bacteriophage for solventogenic Clostridium saccharoperbutylacetonicum N1-4 (N1-4), has a genome size of 17 470 bp with 22 open reading frames, including replication, lysis, integration and structural modules. To understand HM2 infection and resistance in N1-4, bacteriophage insensitive mutants (BIMs) were isolated and characterized. These eight independent BIMs included four adsorption mediated and four non-adsorption types. Adsorption mediated BIMs had increased exopolysaccharide (EPS) production and decreased attachment of HM2 to the cell surface. Non-adsorption mediated BIMs had a moderate increase in EPS production, which did not affect HM2 attachment. Absorption mediated BIMs had reduced fermentation performance, whereas the non-absorption mediated BIMs were indistinguishable from N1-4. Consequently, non-adsorption mediated BIMs would be more useful in a fermentation since they couple good fermentation performance with phage resistance.
INTRODUCTION
Bacteriophages have the potential to interfere with any industrial process that relies on bacterial fermentation, including dairy fermentation by lactic acid bacteria (Garneau and Moineau 2011; Marcó, Moineau and Quiberoni 2012) and acetone-butanol-ethanol (ABE) fermentation using solventogenic clostridia (Dürre 1998; Dürre 2008; Ezeji, Qureshi and Blaschek 2007; Jones and Woods 1986) . One important bacterial strain for ABE fermentation is Clostridium saccharoperbutylacetonicum N1-4 (N1-4; Tashiro et al. 2004) . In the 1960s, serial infections of N1-4 by bacteriophages were reported in fermentation plants in Japan . The infection from these bacteriophages led to economic losses due to the significant Received: 4 October 2016; Accepted: 11 September 2017 C FEMS 2017. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com decrease in cell counts, growth rate and ABE yield . One bacteriophage isolated from the outbreaks, HM2, is a lytic phage of N1-4 and is perhaps the best described solventogenic clostridia bacteriophage. Subsequent studies on HM2 characterized its stability , adsorption at different pH and temperatures (Hongo and Murata 1966a) and structure (Ogata et al. 1969) .
Bacteria can develop resistance to bacteriophages through different mechanisms. One potential strategy is through decreased adsorption of phages onto the cell surface. Decreased bacteriophage adsorption can be achieved by the secretion of exopolysaccharides (EPS; Moineau et al. 1996) or by alteration of cell surface receptors (Garneau and Moineau 2011) . However, phage resistance in the host is often accompanied with decreased fitness. Consequently, extensive screening of phageresistant Clostridium is required to ensure optimal ABE performance (McCoy E. 1946) . Therefore, it is important to examine the fitness of HM2-resistant mutants.
In this study, the genome sequence of HM2 was determined by whole genome sequencing. A series of bacteriophage insensitive mutants (BIMs) of N1-4 was generated and their resistance mechanisms were examined. We also evaluated the endpoint ABE performance and morphology of BIMs after 72-h fermentation.
MATERIALS AND METHODS

Bacterial strain and culture
Clostridium saccharoperbutylacetonicum N1-4 (ATCC 27021) was grown at 30
• C anaerobically in Tryptone-Yeast Extract Broth 
HM2 amplification and phage DNA isolation
HM2 was purchased from the Félix d'Hérelle Reference Center for bacterial viruses (Université Laval, QC, Canada). For propagation, HM2 was added to log-phase N1-4 cells (OD 600 0.5) at a multiplicity of infection (MOI) of 0.1 and allowed to amplify for 24 h. The lysate was then centrifuged (4000 × g for 10 min), filtered (0.2 μm; Millipore R , MA) and stored at 4 • C until use.
For DNA isolation, a 100-mL culture of N1-4 was grown to OD 600 0.5 and infected with HM2 at an MOI of 0.1, resulting 10 9 plaque forming unit (PFU)/mL after infection. The host DNA and RNA in the overnight lysate were removed by DNase I (New England BioLabs, Inc., MA) and RNase (Roche, IN; Durmaz et al. 2008) . Phage DNA was extracted using DNeasy Blood and Tissue kit according to manufacturer's instructions (Qiagen, CA).
Whole genome sequencing, assembly and annotation of HM2
The genomic DNA of HM2 was submitted to Roy J. Carver Biotechnology Center at University of Illinois, UrbanaChampaign (UIUC) for whole genome sequencing. A total of 12 266 828 paired-end reads were generated on an Illumina R HiSeq 2500, at a read length of 160 nt. De novo assembly of the HM2 genome (linear form) was performed on CLC Genomics Workbench 7.5 (CLC Bio). The prediction of open reading frames (ORFs) was performed by combining Glimmer (v 3.02; http://www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer 3.cgi) and NCBI blastx search. Annotation of HM2 (Table 1 ) was performed by searching the translated protein sequences from the predicted ORFs in the NCBI non-redundant sequences database through blastp. The HM2 genome sequence has been deposited at the European Nucleotide Archive (http://www.ebi.ac.uk/ena), under study PRJEB14799 (accession no. LT600745.1).
Isolation of BIMs
The wild-type N1-4 cells were cultured in TYB overnight at 30
• C anaerobically and subcultured in fresh TYB (1% inoculation) until they reached log-phase (OD 600 0.5; typically 4-6 h). The cells were infected with HM2 at an MOI of 0.1. The overnight culture of infected N1-4 was plated onto TYA for 24 h or longer for the isolation of single colonies. Individual isolates were collected from the plates and their resistance to HM2 was confirmed by spoton-lawn assays (Worobo et al. 2000) with different dilutions of N1-4 lysate containing HM2. Only one BIM was collected from each trial to prevent isolation of clonal BIMs.
Phage adsorption, production of butanol and EPS
The wild-type N1-4 cells and BIMs were cultured in TYB overnight and subcultured in fresh TYB (1% inoculation) until they reached log-phase (OD 600 0.5). Adsorption assays of HM2 were performed in three independent replicates for each strain as previously described by Hongo, Miyamoto and Murata (1966b) . Briefly, HM2 was mixed with log-phase cells (OD 600 0.5; typically 4-6 h after a 1% inoculation from an overnight culture) and incubated for 10 min, followed by immediate dilution in cold TYB and centrifugation to remove adsorbed HM2 so that the titers of unadsorbed HM2 in the supernatant could be determined. The adsorption assays for each strain were performed in three independent replicates. The butanol production and glucose consumption by wildtype N1-4 and BIMs were measured after 72-h fermentation in 10-mL batch culture. Appropriate dilutions of the culture were made and the samples were filtered (0.2 μm) prior to the high performance liquid chromatography (HPLC) analysis using Aminex HPX-87H column (Bio-rad, CA) with 5 mM H 2 SO 4 as the mobile phase.
Production of EPS in the 72-h cultures of wild-type N1-4 and BIMs was measured by Alcian Blue assays (Björnsson 1998 ) using xanthan gum as the calibration standard. The EPS produced was determined by reference to the xanthan gum standard and expressed as the weight of xanthan gum standard divided by the wet weight of the cells. EPS measurements were performed in three independent replicates.
Scanning electron microscopy
Scanning electron microscopy (SEM) analysis was performed at the Frederick Seitz Materials Research Laboratory at UIUC. Cells from 72-h cultures of wild-type N1-4 and BIMs were fixed in Karnovsky's fixative (containing 2% glutaraldehyde and 2.5% paraformaldehyde) and examined using a Hitachi S-4800 field emission scanning electron microscope (Hitachi High Technologies America, Inc., OR).
Statistical analysis
The one-way analysis of variance with Tukey honest significant difference (HSD) post hoc tests was used to determine the statistical significance (P < 0.05) of the quantity of EPS produced in the wild-type N1-4 and BIMs. 
RESULTS AND DISCUSSION
Genome organization and comparative genomic analysis
The 12 266 683 paired-end reads obtained from Illumina HiSeq were used to assemble the complete HM2 genome using the CLC Genomics Workbench. The HM2 genome consists of 17 470 bp with 22 predicted ORFs that comprise 88% of the genome (Table 1 ). The best match for 13 of the 22 ORFs are coding regions from other phages, yet many of these matches are rather weak that demonstrates the paucity of phage sequences in the database. These 13 ORFs are tightly clustered between nt 2523 and nt 16470 of the HM2 genome, whereas the majority of the unknown and conserved hypothetical proteins are encoded at either end of the HM2 genome. According to the classification of clostridial bacteriophages of similar genome sizes (less than 20 kb) discovered to date, HM2 belongs to the subfamily Picovirinae of the family Podoviridae (Volozhantsev et al. 2012) . The HM2 genome has replication, lysis, integration and structural modules, all tightly clustered in the center (ca. nt 2500 to nt 16000) of the genome.
Phage adsorption
Clostridium saccharoperbutylacetonicum N1-4 was infected with HM2 and eight independent resistant isolates (BIMs) were identified. Each resistant isolate was insensitive to reinfection by HM2 (>10 9 efficiency of plaquing, data not shown). To identify a potential resistance mechanism, adsorption assays of HM2 were performed with wild-type N1-4 and BIMs. With N1-4, HM2 adsorbed to the cell surface within 10 min. The fast adsorption of HM2 to the log-phase cells of N1-4 was consistent with a previous report on the adsorption of HM2 (Hongo, Miyamoto and Murata 1966b) . Four out of eight BIMs showed decreased adsorption of HM2 following 10-min incubation with HM2 and were designated 'adsorption mediated' BIMs (Fig. 1a) . Conversely, the other four BIMs did not have decreased HM2 adsorption and were designated 'non-adsorption mediated' BIMs.
Exopolysaccharide and adsorption mediated phage resistance
The production of EPS by wild-type N1-4, absorption mediated BIMs and non-absorption mediated BIMs was measured. After 72-h fermentation (Fig. 1a) , the adsorption mediated BIMs produced the most EPS, N1-4 produced the least while the nonabsorption mediated BIMs produced an intermediate amount (P < 0.05). The EPS produced by the BIMs was visualized by SEM (Fig. 2) . The adsorption mediated BIMs (Fig. 2b ) produced more EPS than the wild-type (Fig. 2a) and non-adsorption mediated BIMs (Fig. 2c) . Increased EPS production in BIMs promoted HM2 resistance mainly through the blocking of HM2 attachment to the surface. EPS production has been correlated with decreased sensitivity to bacteriophage, either by shielding or by affecting the spreading of phage (Hanlon et al. 2001; Akç elik and Sanlibaba 2002; Deveau, Calsteren and Moineau 2002) . It is plausible that in adsorption mediated BIMs, genes relevant to EPS biosynthesis, for example, a sugar transporter or enzymes synthesizing the monomeric sugar substrates of the EPS, might be up-regulated resulting in increased EPS production. 
Non-adsorption mediated phage resistance
We have attempted to examine the genetic differences in some of the non-adsorption mediated BIMs by comparing their genome sequences with the wild-type N1-4 (Illumina R MiSeq; data not shown). However, we could not detect any genetic variation despite the success in obtaining good coverage of the genomes (∼70× coverage). It is possible that the mutation was due to a structural variation such as inversion or transposition, which was not detected by our sequencing. Analysis of the clustered regularly interspaced short palindromic repeat (CRISPR) region of the wild-type and all eight BIMs confirmed that no new spacers were added to the CRISPR locus (Grissa, Vergnaud and Pourcel 2007) . This result is not surprising because only Streptococcus thermophilus (Wei et al. 2015) and Pseudomonas aeruginosa (Cady et al. 2012) have been shown to add new spacers in the laboratory. While absorption inhibition is common in the literature, we can find few examples of spontaneous BIMs that have a nonabsorption mechanism. With Lactobacillus casei, a PL-1 and J-1 BIM were found to inhibit phage genome injection with no impact on phage absorption (Watanabe et al. 1984) suggesting that non-absorption BIMs are possible. The mechanism of resistance for the non-absorption mediated BIMs from our study remains to be determined.
Butanol production
We compared the endpoint ABE productivity of N1-4 and BIMs after a 72-h fermentation (Fig. 1b) . In the wild-type strain, all the glucose in the medium was consumed and ca. 12 g/L of butanol was produced. The adsorption mediated BIMs consumed ca. 70%-90% of the glucose and produced between 7 and 11 g/L of butanol, which was considerably less (P < 0.05) than what the wild type produced. For the non-adsorption mediated BIMs, the glucose consumption and butanol production were indistinguishable from the wild type (P > 0.05). The excessive EPS could have interfered with glucose consumption, resulting in reduced ABE productivity in adsorption mediated BIMs. In addition, adsorption mediated BIMs may have less energy for ABE production due to the metabolic cost of producing EPS. Lastly, the increase in EPS may reduce the ability of the cells to import/export molecules, which reduces fermentation performance. From a practical perspective, excess EPS can cause fouling in membrane bioreactors, which would be a problem in fermentation processes (Le-Clech, Chen and Fane 2006). On the other hand, nonadsorption mediated BIMs had indistinguishable performance compared to N1-4 despite their intermediate production of EPS. Consequently, non-adsorption mediated BIMs would be the preferred survivors from an HM2 infection for future operation. As more N1-4 phages are isolated, it will be interesting to determine if non-adsorption BIMs are generally more desirable in terms of phage resistance and ABE performance.
CONCLUSIONS
This study reports the genome organization of HM2, the lytic bacteriophage for Clostridium saccharoperbutylacetonicum N1-4. The phage has a genome size of 17 470 bp with 22 ORFs. Spontaneous BIMs of N1-4 can develop through the incubation with HM2. These BIMs included adsorption and non-adsorption mediated types. Adsorption mediated BIMs showed excess EPS production and decreased attachment of HM2 to the cell surface, and produced less butanol than wild-type cells. Non-adsorption mediated BIMs showed a moderate increase in EPS production and retained the same ABE fermentation performance as N1-4.
